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Abstract 
This paper introduces the experiences from the operation of a pilot-scale pre-combustion CO2 capture and H2 
production plant, and the results obtained in the assessment of various economic scenarios considering the real 
information coming from this installation unique in the world. The pilot of 14 MWth is in operation since October 
2010 in the Puertollano IGCC Plant, and uses proven and commercial technology. 
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1. Introduction 
ELCOGAS S.A. is a Spanish company established in 1992 and shared by European electrical 
companies and equipment suppliers. It operates the Puertollano 335 MWISO IGCC (Integrated Gasification 
in Combined Cycle) demonstration power plant. This plant is the largest IGCC in the world using solid 
fuel in a single pressurized entrained flow gasifier, being in commercial operation since 1998 with syngas. 
Currently, the largest investment in ELCOGAS R&D activities is focused on carbon dioxide capture, 
covered by the National Singular and Strategic Projects Initiative (or PSE, funded by both the Spanish 
Science & Innovation Ministry and the regional government), whose aim is to demonstrate the feasibility 
of capture of CO2 and production of H2 in an IGCC that uses solid fossil fuels and wastes as main 
feedstock. The rationale behind this project comes from the clear corporate commitment of ELCOGAS of 
adopting innovative processes that allow improving the technology used in Puertollano IGCC Plant, and 
to support a sustainable development by promoting a zero emissions technology based in local coal, 
wastes, and even biomass. This motivation breaks down in two fundamental aims: i) to demonstrate the 
feasibility of capture CO2 and produce of H2 in an IGCC that uses solid fossil fuels and wastes as main 
feedstock, and ii) to obtain economic data enough to scale it to the full Puertollano IGCC capacity in 
synthetic gas production. In addition to these aims, two specific goals were identified: to reach capture 
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rates of CO2 higher than 90% and to reduce the CO2 separation cost from current 50-60 /t down to 30 /t 
(to medium term) and 20 /t (to long term). 
It has to be remarked that all the technology used in the pilot plant is commercially available and is 
based on used and contrasted technologies found in the chemical industry. The innovative and 
distinguishing aspect is given by the integration of such technology for electricity and H2 coproduction in 
a power plant, for what there is not a technological standard yet. Elcogas handled the pilot plant as a R&D 
installation focused on capture of CO2 and production of H2 as additional steps of the existing syngas 
purification systems of the IGCC process, meaning that all the outlets of the pilot plant are recycled back 
to the IGCC Plant (no CO2 storage activities are foreseen). The technology used in this pilot is pre-
combustion carbon capture, which consists essentially in the de-carbonisation of a fuel (synthetic gas) 
prior to its combustion in a combined cycle to produce electricity, in contrast to post-combustion and 
oxyfuel, which capture CO2 after and during combustion respectively. Pre-combustion technology is 
already used mainly in chemical plants that deliver a wide variety of products from fossil fuels: hydrogen, 
urea, CO2, methanol, liquid fuels, … However, there are no experiences in its use for electricity 
production, and this project therefore aims to make some progress in this topic by focusing mainly in the 
‘integration’ of a known and commercial technology in a new application. 
 
2. Methods 
The pilot plant is integrated in the Puertollano IGCC plant, has a size of 14 MWth, and treats 3,600 
Nm3/h of the syngas generated in the power plant (equivalent to 2% of the total syngas produced in the 
gasifier). It captures 100 tonnes per day of CO2 (meaning a capture rate higher than 90%), and 2 tonnes 
per day of hydrogen (99.99% purity). Auxiliary systems and process control are completely integrated in 
the existing IGCC. Figure 1 shows a basic block diagram of the installation and the way it is integrated in 
the IGCC Plant. The pilot can be operated in two different modes. The design one is called ‘sweet’ and 
the gas fed to the pilot is taken downstream the desulphurization system of the IGCC, so it is free of 
sulphur compounds. It implies the use of a sweet catalyst (FeCr) in the CO conversion unit. The 
alternative mode is called ‘sour’ and the feeding gas contains H2S and COS since it is taken upstream the 
desulphurization system of the IGCC. A sour catalyst (CoMo) is required in the CO conversion unit. 
 
The pilot plant consists mainly of the three following steps (see Process Flow Diagram, in figure 1): 
 
1st step – CO conversion with water steam (shifting unit). The aim of this phase is to modify the clean 
gas composition in order to move the carbon contained in the CO to CO2, while maximizing the H2 
content. The syngas from the existing IGCC is fed in a sulphur removal reactor (ZnO based adsorber, 
used only in sweet operating mode) and mixed with saturated medium pressure steam. The mixture is 
then heated up to 310ºC to guarantee water-gas shift reaction conditions in a first catalytic reactor 
(catalysts supplied by Johnson-Matthey) where the main conversion from CO to CO2 and H2 is produced. 
As the reaction is exothermic, the gas at the outlet of this step is quite high (480ºC). After an intermediate 
cooling where MP steam is produced, the gas is sent to a second reactor where the final conversion is 
achieved. The high temperature at the outlet of this second reactor is used in a regenerative heat 
exchanger to heat up the gas at the inlet of the first one. After that, the gas is cooled down to 45ºC in three 
steps (low pressure steam generator, air cooler, and water cooler). 
2nd step – CO2 and H2 separation unit (CO2 capture). The target of this step is to separate CO2 and 
hydrogen, obtaining a hydrogen enriched gas and a CO2 product stream. This is done through chemical 
absorption technology (using aMDEA - active Methyl DiEthanolAmine) to capture the CO2 contained in 
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the gas coming from the shifting unit; the absorption takes place at low temperature and high pressure. 
Downstream the CO2 absorption, the resulting gas is a hydrogen enriched flow called raw hydrogen 
(77.4% of purity). The aMDEA is regenerated through CO2 desorption at low pressure and high 
temperature (using low pressure steam). The CO2 capture rate is higher than 90%. The CO2 captured is 
recycled back to the IGCC process. The H2 enriched flow stream is split into two streams: 40% is sent to 
the H2 purification unit and the rest is recycled back to the IGCC plant. 
3rd step – Hydrogen purification unit. Pure hydrogen (99.99% purity) is obtained in this step from the 
raw hydrogen coming from the separation unit. The purification is carried out through Pressure Swing 
Adsorption (PSA) technology. Impurities such as CO2, CO, N2 and Ar are trapped in an adsorption multi-
bed system (activated carbon, alumina and molecular sieve) whilst the hydrogen pass through it. The 
process consists of four stages: adsorption, decompression, regeneration and compression. The pure 
hydrogen stream obtained is recycled back to the IGCC, but could be used for different applications in the 
future. The capacity of this unit is 2 tonnes of hydrogen per day with 99.99% of purity, being the nominal 
hydrogen recovery 70%. The tail gas generated in this step is also recycled back to the IGCC, but could 
be used as heat source in other processes due to its high hydrogen content (>50%). 
 
The PSE Programme (Ministry of Science & Innovation) included the realization of several 
characterization tests of the different units of the pilot plant. The tests were accomplished in both 
operating modes (sweet and sour), from January 2011 to June 2011. 
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Figure 1. CO2 capture & H2 production pilot plant. Process Flow Diagram. (Source: Elcogas) 
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3. Results  
3.1. Operational experience during characterization tests 
• 1000 tonnes of CO2 captured and 6 tonnes of H2 produced, in the 550 hours that the pilot was in 
operation. 
• In shifting conversion unit, the conversion distribution between both reactors remains unaltered when 
variations in the main parameters are applied (steam/CO ratio and inlet temperatures), remaining in 
all the tests around 95% of the conversion in the first bed and the remaining 5% in the second one. 
• Figure 2a shows the effect on the conversion due to steam/CO ratio variation in sour conditions. The 
graphic depicts the conversion conditions at the outlet of the two reactors (and the intermediate 
cooling in between), for three specific tests: for design ratio (2.8), for a low ratio (2.5), and for a high 
ratio (3.1). The effect on conversion is clearly distinguished: as the ratio reduces the conversion in 
the reactor 1 gets worse and both the CO and the temperature increases. 
• It has been verified that is possible to operate the reaction with an inlet temperature to the reactor 1 of 
257°C (compared to 310ºC of design), meaning that this temperature is above the activation 
temperature of the reaction. 
• The operation of the shifting unit has been smooth and without setbacks. The sour catalyst has been 
less briskly in its operation than the sweet one, and there has not been found any atypical 
performance in its operation. 
• About the sulphur compounds contained in the feed gas, it is found that the hydrolyzing of COS to 
H2S takes place at the same time as the shifting reaction, and the COS content at the outlet of the 
reaction is in the range of 22-26 ppm. 
• The combined assessment of the variation of desorption pressure and temperature offers interesting 
results (see figure 2b, in sour conditions). It is found that at high desorption temperatures, the 
working pressure hardly influences the CO2 desorption process (CO2 release), and as the temperature 
is reduced, the effect of the pressure begins to be more visible. About the H2 release, generally it is 
found to be higher as the pressure increases. Finally, it can be seen a drop of required energy as the 
temperature falls, while pressure variations hardly affect it. 
• The purification unit (PSA) is quite stable and hardly affected by variation of the different 
parameters. 
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Figure 2. (a) Effect on CO conversion and temperature due to steam/CO ratio variation (sour mode). (b) Effect of desorption P and 
T in CO2 separation performance (sour Mode). Source: Elcogas. 
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3.2. Water Gas Shift Thermodynamic model 
A model of the CO conversion unit was developed from design data of the process and from catalysts 
supplier information. The utility of this model is to have a tool that predicts the expected behaviour of the 
conversion unit to changes in its main parameters. The applications of this tool will be primarily to: i) 
compare real operating points against the expected ones, ii) define new tests campaigns in addition to 
those already made, and iii) identify optimal working conditions as input information for a CO2 capture 
cost model. 
The model takes into account the mixing of the steam and the syngas at a certain rate, the pressure and 
temperature at the inlet of the two steps of the conversion, the heat recovered as MP and LP steam, the 
temperature conditioning for the subsequent separation, and the shifted syngas and gas condensate 
generate as result of the conversion (see figure 1). The model gives the composition of all the streams, the 
temperature at the outlet of the reactors, the CO degree of conversion, and the efficiency of the process. 
Special attention is given to the main parameters that condition the operation of the reaction, which are 
the steam to CO ratio, and the inlet temperature to the reactors. Design values are 2.89 for steam/CO 
ratio, and 310ºC at the inlet of the first reactor. The predicted temperature at the outlet of the first reactor 
is 507ºC, and the total CO conversion is above 95%. 
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Figure 3. (a) Effect of different steam/CO ratios on conversion and temperature at the outlet of reactor 1. (b) Operating window of 
shifting process as function of steam/CO ratio and inlet temperature. (Source: Elcogas). 
 
Figure 3a shows results from the model regarding the effect of different steam/CO ratios on CO to CO2 
conversion and in temperature at the outlet of reactor 1, and for different temperatures at the inlet of 
reactor 1: 310ºC (design), and 257ºC (minimum temperature found in real tests). The model shows that 
the temperature at the outlet of reactor 1 dramatically drops as the temperature at the inlet decreases, with 
the consequent improvement in CO conversion. As an example, when operating at 310ºC at the inlet of 
reactor, and taking into account the materials maximum temperature (530ºC), it is obtained that the 
minimum steam/CO ratio that can be used is around 2.2, while this ratio is not limited when working at 
257ºC. The reason for operating at ratios lower than design lies on the improvement in the efficiency of 
the process as less steam is used at the cost of reducing the conversion and ultimately the amount of CO2 
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captured; the significance of these two effects on the CO2 capture cost is not evident, and the 
development of a cost model is required to give the answer. 
 The implications of the expected behavior of the unit are relevant since it allows the definition of the 
limits in which the conversion unit can operate. This ‘operating window’ of the unit is showed in Figure 
3b, which represents the range in steam/CO ratio and in inlet temperature allowed in the process. The 
explanation of the different areas showed in Figure 3b is as follows: 
• Area marked as ‘out of operation limits’. Temperatures higher than 310ºC are not possible due to 
capacity of the regenerative heat exchanger, and in any case they are not interesting at all. Ratios 
higher than 3.1 are also not possible at full load due to capacity of the system.  
• Area marked as ‘materials temperature limit’. As consequence of the materials design limit of 530ºC, 
there are combinations of ratios and temperatures that result in reaching this value at the outlet of the 
reactor.  
• Area marked as ‘minimum temperature limit’. There is a minimum temperature required for the 
WGS reaction to be produces. Though during real tests 257ºC was the minimum that could be 
reached, there is probably still room for working at lower values. 
• Area marked as ‘coking risk’. It is known that running the WGS reaction at values close to the 
stoichiometric steam/CO ratio can promote strongly exothermic secondary reactions, such as the 
Boudouard reaction or methane formation, which can lead to coke formation and deactivation of the 
catalyst. A conservative ratio level of 2 has been considered, though further tests are proposed to 
assess this topic. 
• The points depicted in the figure represent real operating conditions. This operating window is 
therefore a helpful tool for designing future trials in the pilot. 
3.3. CO2 capture cost assessment in different scenarios  
This project gives an excellent opportunity for giving real knowledge of the different issues related to 
economics of CO2 capture and H2 production, since from one hand there is a complete availability to the 
economic figures of a project with commercial technology at a relevant size, and on the other hand, it is 
integrated in an existing plant in operation.  
3.3.1. Puertollano IGCC Plant retrofit (sweet mode) 
 
Conceptually, a retrofitting consists in the adaptation of an existing process with the aim of including 
an additional feature. In this case an escalation of the pilot plant to the full IGCC plant syngas stream was 
realized. The objective is to obtain the cost of the capture of the CO2 that is not emitted to the atmosphere, 
which in this scenario can be calculated as follows: 
 
emitted not CO of Amount
unit capure carbon a adding of Cost)(/t emitted not CO of Cost
2
CO22 =  (1) 
 
The approach is to add to the IGCC process a new system for CO2 capture based on the commercial 
technology used in the pilot, and integrated downstream the sulfur removal unit of the IGCC. The cost of 
this adding has three components: 
• Capital cost, calculated as the total cost needed to bring the pilot into service, and which includes 
equipment purchase and engineering services.  Based on the pilot project results (fully available since 
Elcogas was involved in all the contracts) escalated to 1:1 and after applying correcting factors due to 
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learning (20%) and scale (Williams method), the capital cost of this unit to add to the IGCC process 
is estimated in 349 M.  
• Fixed O&M costs, which consider the cost in spare parts, consumables, maintenance, and external 
services required to operate the added plant. Based on in-house information, this component of the 
cost is estimated in 416,232 /y. 
• Variable O&M costs. Generically this term considers the variable cost of the fuel used in a process. 
In case of a retrofitting, this term represents the affectation of the integration of a new unit in the 
existing process, which in case of a power plant is essentially the loss of power production. It 
depends on a great number of factors, such as the number of operating hours, load factor, efficiency 
penalty, and electricity price. In the scenario proposed, apart from Puertollano IGCC Power Plant 
design values, the values considered for mentioned terms are included in table 1. The efficiency 
penalty of 9 points was a result of a CARNOT European project developed in 2005 between Elcogas, 
Uhde and Siemens [1], and is also supported by recent IEA publications [2] 
Table 1. Estimations for parameters used in the calculation of variable O&M cost 
Operating 
Hours 
Average 
load factor 
net (LHV) IGCC 
w/o capture 
net (LHV) IGCC 
w capture 
Electricity 
market price 
6500 h/y 92% 42% (LHV) 33% (LHV) 40 /MWh 
 
Considering a carbon capture rate of 90%, and a CO2 emission ratio of 0.789 tonne/MWh, the cost of 
non-emitted CO2 obtained is 26.35 /t (compression not considered). An extensive sensitive analysis has 
been carried out to obtain the effect of the different parameters in the cost of the CO2 captured. See figure 
4 as an example of this analysis. Figure 4a presents the effect on capture cost due to two combined 
variables (net efficiency of IGCC process incorporating the capture unit, and the amount of operating 
hours of the installation). A prompt conclusion is that a plant which integrates a carbon capture unit 
should operate in a base load mode since the effect on the capture cost is quite relevant. In addition, figure 
4b shows the effect of electricity market price on the cost of CO2 capture, showing that this cost is greatly 
influenced by the electric sector configuration of the place where the plant is located. 
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Figure 4. (a) Effect of efficiency penalty and operating hours on carbon capture cost. (b) Effect of electricity market place and 
operating hours on carbon capture cost. (Source: Elcogas) 
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Previous estimation considers exclusively capture aspects. The addition of the cost of compression has 
not yet been estimated precisely, but as a rough forecast taking into account the characteristics of the 
project and applying the methodology proposed in [3], it is in the range of 7–9 /tonne. 
In order to place the cost obtained into perspective, it has been contrasted with comparable cost 
obtained for other technologies. In a report issued by NETL/DOE [4] the avoided cost of a post-
combustion retrofit is estimated in 103 $/tonneCO2, which more than doubles the cost of the pre-
combustion retrofit presented in this paper. 
3.3.2. Puertollano IGCC Plant retrofit (sour mode) 
 
The methodology proposed in 3.3.1 was also applied to the sour operating mode. It is a very attractive 
scenario for a new IGCC plant, since the desulphurisation and the CO2 capture can be done in a single 
step, which leads to a significant capital cost optimization. Though a retrofitting is not as good option as 
for a new plant since the desulphurization already exists, this scenario is interesting in any case for 
contrasting sour against sweet modes. This comparison gives the following results: 
• The capital cost remains the same since the unit at 1:1 scale is identical. 
• The fixed O&M costs are smaller in sour case since the elements of the existing desulphurization unit 
are no longer used. The estimated value for this concept is 354,172 /y. 
• The variable O&M cost is also smaller in sour case. In this case the reason is that as the 
desulphurisation and the CO2 capture are done in a single step, the efficiency of the IGCC Plant with 
CO2 capture is higher than in sweet mode (35% instead of 33%). 
• The final cost of CO2 not emitted in sour case is of 26 /tonne, which is slightly lower than in sweet 
case.   
 
4. Summary and conclusions 
A project like this (in essence is a new application for a known technology at a demonstration scale) 
gives an excellent opportunity to collect a broad and extensive amount of information, from the very basic 
aspects of the conceptual design and the management during the different stages, up to the commissioning 
and operation of the plant. As a result of the assessment of the performance of the pilot plant during this 
time, as well as with the detailed information collected during the project management, the following 
outcomes can be concluded up to now: 
 
• The installation behaves as expected in design, meaning that the required purities of the main streams 
as well as the CO2 capture rate are achieved, and the efficiency of the system is close to the design: 
the feasibility of the technology is demonstrated. 
• Technical assessment of the performance of the pilot show room for improvement in efficiency both 
in proper operation of the pilot and also in the integration with the IGCC processs.  
• The final budget of the project has reached 13.5 M, being 8.4 M allocated to supply procurement, 
and 5.1 M the cost of the different contracts of services (engineering, erection and commissioning). 
This figure can be tagged as low when comparing to similar projects, and is the result of the pursued 
cost optimization throughout the whole project realized during the management (by Elcogas’ 
personnel) of the contracting of equipment and services. Based on this value as well as on other facts 
of the project, an estimation of the CO2 capture cost was elaborated, considering the addition of a 1:1 
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carbon capture unit to the Puertollano IGCC Plant based on Pilot Plant Retrofitting. The result of this 
study reports a figure in the range 26 /t, which is certainly promising. 
• Commercial technology used in the pilot is available at any scale: the singularity and relevance of the 
installation comes from “integration into an existing IGCC plant”. 
• From now on, the pilot is being used for internal research. But it is also open for international 
research projects and for other kinds of collaboration. 
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